The MHD stability of the cometary inner sheath determined by the balance between the inward Lorentz body force and the outward ion-neutral drag force is investigated by numerically solving the wave equations which include resistivity, plasma motion and plasma pressure with the help of two-point boundary value method. The eigenvalues and the eigenfunctions are obtained numerically by treating the cometary inner sheath as a layer of finite thickness, bounded by the contact surface, i.e., the diamagnetic cavity boundary. To gain an insight into the problem, certain limiting cases of the wave equations are also discussed, The diamagnetic cavity boundary and the adjacent layer of about 100 km thickness of comet Halley is found to be unstable. The effects of finite plasma pressure, dissociative recombination, mass loading due to photoionization, resistivity, and plasma motion are found to be stabilizing but are unable to quench the instability completely. An estimate of 'TC/ ~i shows that it lies in the range 10 to 20 or even higher which appears to be sufficient for the effective penetration of the magnetic field perturbations into the cavity surface. Motion of the Halley ionopause has been confirmed by observations: according to Neubauer (1987) (Ip and Axford 1982; Cravens, 1986; Ip and Axford 1987, 1990).
I, INTRODUCTION:
Three categories of cometary boundaries have been identified according to the observations (Cravens, 1989) : i) cometary dynamical boundries, ii) solar wind and lMF boundaries, and iii) transient boundaries, The dynamical boundaries are the permanent features of cometary plasma environment, The instruments on board the Giotto, Vega and ICE showed that the plasma in the inner coma of the comet Halley was almost stationary and of cometary origin. A field-free diamagnetic cavity deep within this stagnation region was encountered by the Giotto Spacecraft (Neubauer et al., 1986) . The magnetic field dropped from 20 nT to nearly zero within a thin layer of about 25 km thickness. The magnetic field exhibited a maximum of about 50-60 nT thousands of kilometers away from the ionopause (cavity surface designated as CS) -4600 km from the nucleus. The formation of such a field-free region has been explained by considering the balance between the inward Lorentz JxB body force and the outward ion-neutral drag force exerted on the plasma element (Ip and Axford 1982; Cravens, 1986; Ip and Axford 1987, 1990 ).
The stability of the cometary ionopause treated as tangential discontinuity interface was investigated for disturbances of wavelengths much greater than the ionopause thickness . Ershkovich and Flammer (1 988) have shown that the finite amplitude effects can suppress the Kelvin -Helmholtz instability whereas the Rayleigh-Taylor and the drag instabilities persist. Ershkovich et al., (1989) and Mckenzie et al., (1990) Ershkovich et al., (1989) and McKenzie et al., (1 990) for the cometary ionosphere determined by the balance between the inward Lorentz body force and the outward ion-neutral drag force were obtained by using a two-point boundary value method (Srivastava et al., 1992) . The eigenvalues and the eigenfunctions were obtained numerically by treating the cometary ionosphere as a layer of finite thickness, bounded by the diamagnetic cavity boundary. The magnetic field structure discovered in the ionosphere of comet Halley /Giacobini-Zinner was found to be unstable. The effects of finite plasma pressure, dissociative recombination and mass loading due to photoionization were found to be stabilizing, completely, i.e., the 1000 km thickness but were unable Halley ionopause remained unstable.
to quench the instability and adjacent layer of about It was also found that the higher the neutral production rate the lesser was the growth rate for the instability. Ershkovich and Israelevich (1 992) have studied the effect of transverse plasma motion on the stability of the cometary ionosphere and concluded that the instability might be convected downstream, The ionopause was shown to undergo convective instability,
In this paper, we study the stability of the effects of plasma resistivity, plasma the cometo-sheath including motion along the sun-comet line and plasma pressure, by considering the cometary sheath as a layer of finite thickness bounded by the ionopause on the inner side.
The equations governing the stability are solved numerically for certain parameters for the comet Halley by using a two-point boundary value method. Although, the two-point boundary value method precludes the study of the stability of the critical layer of 25 km thickness due to the singularity of solutions as the magnetic field goes to zero at the ionopause, the present work is a step forward in that it presents numerical solutions and includes the effects of finite resistivity and radial plasma motion on the stability of the cometosheath which were not considered in previous papers (Ershkovich et al., 1989; McKenzie et al,, 1990; Srivastava et al., 1992; Ershkovich and Israelevich, 1992) . Certain limiting cases of the wave equations have also been discussed. We have obtained growth rates for 
11.
Formulation of the problem: a). The Configuration:
We study the stability of a cometary ionospheric layer of about 1000 km thickness adjacent to and outside (he ionopause in the form of a slab, "the inner boundary being at the ionopause. The geometry considered is shown in Fig. (lc) . Although the plasma in this layer is said to be stagnant, it is expected that there exists a very slow motion towards the ionopause (creeping motion). The MHD equations governing the evolution of physical quantities in a cometary ionosphere including plasma motion, resistivity, pressure, photoionization, and recombination are obtained by the normal procedure of linearizing the basic equations. The appropriate continuity and momentum equations for a compressible plasma as derived in Ershkovich et al,, (1989) are:
The continuity eqation:
The momentum equation:
Here, p, ii, P, E, ;nr and Mi and denote, respectively, the plasma density, the velocity, the pressure, the magnetic field, the neutral gas 
Here, ~ denotes the resistivity of the plasma.
We derive the magnetic field structure by following Ip and Axford (1987) by neglecting the plasma inertia and pressure in the momentum equation. The balance between the magnetic stresses acting on the plasma element and the ion-neutral friction determines the equilibrium structure of the magnetic field. The density is assumed to be inversely proportional to the distance from the nucleus and is taken as:
where L is some radial scale length, r is the distance from the nucleus which coincides with x in the slab geometry, and m is the power index for the variation of plasma density.
The resulting structure of the magnetic field is given by (Ershkovich et al,, 1989 )
where B m denotes the maximum magnetic field at a distance r m from the nucleus.
The magnetic field vanishes at a radial distance ro from the nucleus given by
The background plasma density pO is assumed to be determined by the photochemica] equilibrium neglecting convection, i.e., 2 Po/Mi= 6 p,, where et is photoionization the density of (7) the dissociative recombination rate, 5 is the rate, Mi is the ion mass of water group ions and p n is neutrals.
The equilibrium sta equations (1) to (3).
becomes:
dUo _ 1 dpm+ Uo--dx '; dx e is described by set
In particular, the stress & . 51
Pl=P-P()/ =1= =50, pm .
47C '
which denote, respectively, the perturbations in density, magnetic pressure, plasma pressure, and plasma velocity.
The stability analysis is restricted to twist-free magnetic field perturbations, -i.e, B.gradfi is neglected. Following the usual procedure for the derivation of the linearized stability equations, we arrive at the following wave equations:
x is the unit vector along x-axis , Equation (13) 
The quantity Nz is the MHD analogue of the square of the 13runt-Vaisala frequency (Brunt, 1941) and is a function of x. It plays a crucial role in the Taking divergence (11 ), we obtain pointwise/local stability analysis of the system.
of Eq, (12) and making use of continuity equation
where 2 co =YP90/Po=~ f fory=l and 'go = nio To
For the sake of simplicity, the plasma pressure is assumed to be isotropic and the cometosheath to be isothermal. Although there is no rigorous justification for assuming isotropic and isothermal, a major motivating factor is that when the same assumption is made in the ideal MHD theory, the main features of MHD equilibrium and stability theory (sound waves, Alfven waves, kink and interchange instabilities, "frozen in" (Hasam and Huba, 1987) . Equations (15), (17), and (18) and p ~ and Dp ~are bounded as x -+ = .
The system of equations to be solved for the case of zero plasma pressure is different from the system of Eqs, (19)- (22) 
The numerical procedure for solving Eqs. (19), (20) and (21) and the system of equations (23), together with the boundary conditions (22) as an eigenvalue problem by using a two-point boundary value method is descr bed in" Appendix A.
3.
Approximate Solutions:
It would be worthwhile to study certain limiting cases of the wave equations (15), (17), and (18) using JWKB approximation before presenting numerical results. Eliminating R from equations (15) and (17) with the help of Eq. (18) and neglecting curvature effect we obtain:
It may be interpreted that the perturbations in the magnetic pressure and the particle flux are represented by the left and the right sides of Eqs. (25) and (26) respectively. Also for the sake of convenience a spatial decay due to density stratification is subtracted out, i.e., we write Q(x,y,t)= In case the compared to Q*(x) exp(x/2H) exp (i (k X x + k y y -ret)) (27) magnetic pressure perturbations are negligible as perturbation in particle flux, the right hand sides of Eqs.
(23) and (24) with the help of Eq. (27) give
From Eq, (28) we see that exponentially growing if(Uo <O, because the equilibrium ionospheric negative direction of x),
solutions will arise plasma flows in the (30) is sufficiently negative. For a stably stratified ionospheric layer, l/H < 0. The effect of plasma pressure is stabilizing because it decreases the value of N2/g . The effect of radial plasma motion is destabilizing in the numerator whereas it is stabilizing in the denominator. The overall effect depends on the values of l/H and VO. Eq. (29) gives purely damped modes for H <0 and UO <0.
In case buoyancy perturbations are negligible as compared to magnetic field perturbations, equating coefficients of pm from Eqs.
(25) and (26) to zero and using Eq. (27), we obtain:
From Eq, (31) we find that in case the effect of inhomogeneity is stronger than the resistive effects, growing solutions will arise if:
and in case inhomogeneity effects are negligible as compared to
I_eSi StiVe effeCtS, i6) + q k 2 and the system is stable, Equation (32) gives unstable modes if:
which will be satisfied if~+2Hk' (g-u, v,) > 0 . The instability condition for a stagnant plasma in the vicinity of the cometary ionopause is ~+2Hk 2 g >0.
Iv. Computational
The non-dimensional The plasma parameters for numerical computation for the comet IIalley are: rnl = 8400 km, and ro = 4600 km, the distances from the nucleus at which the magnetic field has maximum and minimum values (Rnlax = 50 nT, Bnlin = O). They are used to obtain the profile of the magnetic field in the sheath region. N n , the number density of neutrals s 5.5 x 106 cm-~ with the total sublimation rate Q s 6.9 x 1029 molecule s-' and V n s 0.9 km s-l, v the ion neutral collision frequency s 6 x 10-~ s-l, a the dissociative recombination rate taking account of the dependence on ion and neutral densities (Mendis et al., 1985) is s7.O x 10-7 ~ 300/Te cmq s-l, where Te is the electron temperature. For T e -300 K (Ip et. al., 1987) , u comes out to be 7 x 10-7 cmq s-l and for TC -2000 K , a comes out to be 1.565 x 10 -T cms s-l (0.2236 times smaller than that for T e = 300 K), Decrease in u implies decrease in ~, Assuming photochemical equilibrium Eq. (5) gives nio -3000 cm-s for 6 --10-6 s-l.
Using the above parameters, we have calculated the eigenvalues and the eigenfunctions with the help of the method described in Appendix A for two values of q, the plasma resistivity taken from Cravens, (1989) and two values of sound velocity taken from Flammer et al., (1991) . of the ionopause transition layer is only -25 km (Neubauer, 1988) and it was not possible to obtain solution of equations in this layer due to the singularity in the magnetic field (B=O at the ionopause boundary). The deeper into the ionospheric layer, the growth rates become larger due to the fact that hydromagnetic counterpart of square of the Brunt-Vaisala (Eckart, 1960) frequency, N2 (shown in Fig. (lb) ), is negative and increases sharply close to the ionopause transition layer. Although, the two-point boundary value method precludes the study of the stability of the critical layer of 25 km thickness due to the singularity of solutions as the magnetic field goes to zero at the boundary of the transition layer, the present work is a step forward in that it presents numerical solutions and includes the effects of finite resistivity and radial plasma motion on the stability of the cometo-sheath which were not considered in previous papers (Ershkovich et al., 1989; McKenzie et al,, 1990; Srivastava et al., 1992; Ershkovich and Israelevich, 1992) . The eigenvalues are given in tables I and 11 and the eigenfunctions are shown in Figs (2)-(7).
Certain limiting cases of the wave equations have also been discussed. We have obtained growth rates for disturbances of wavelengths ranging from 125 km to 2200 km (125 km to 2200 km for a cold plasma and 200 km to 1050 km for a warm plasma). We have also estimated ~~/ Ii where ~, is the convection time for the perturbations to be convected well downstream and 'Ti is the characteristic time for the amplitude to grow and found that it ranges from 10 to 20 or even higher which may be sufficient for the instability signatures to penetrate the boundary. The effects of photoionization, recombination, plasma pressure, and resistivity were found stabilizing but the instability still persisted. The slow plasma motion included in the analysis resulted in the stabilization of the cometo-sheath since perturbations are convected downstream with the plasma bulk velocity before growing substantially.
The main conclusions of the study are:
1. It is shown that the magnetic field structure resulting from the balance between the magnetic stresses and the ion-neutral drag force in the cometary inner sheath is unstable to disturbances of wavelengths ranging from 100 km to 2200 km for the cold plasma and from 200 km to 1100 km for a warm plasma(sound speed of about a kilometer/s).
2. The inclusion of plasma pressure in the stability analysis results in the stabilization of the cometosheath. The instability rates for the cold plasma are very much larger than those for a plasma with pressure.
3. Effects of recombination and plasma resistivity are stabilizing but are unable to quench the instability completely. Growth rates are reduced by the increase in resistivity and recombination rate. (we concluded the same in our previous paper 1993) that the comets at larger distances, say 2-3
A. U., where the productivity of neutrals is less will be much more unstable because the total sublimation rate, Q, increases with the number density of neutral molecules. As Q increases, VO increases due to the increase in B. Increase in ~ results in the reduction of growth rates.
A nonlinear stability analysis of the Halley ionopause and the adjacent layer would be certainly helpful in understanding the the structure of the inner sheath. The eigenvalues and the eigenfunctions are obtained with the help of a computer code for solving two-point boundary value problems (Scott and Watts, 1977) . This method of evaluating eigenvalues and eigenfunctions has been widely and successfully used (Nayfeh, 1981; Floryan and Saric, 1982, Srivastava and Dallmann, 1987 
The fundamental matrix C is a matrix containing no terms in x.
Inverting system (A5), we obtain
The asymptotic boundary conditions require that b = O. By reducing matrix A= to a Jordan canonical form with the help of a similarity transformation J = P-1 A= P, and by using the concept of adjoint system, we obtain the boundary conditions for the adjoint system as S*Z* = () at X=Xe
where S* consists of the last row of PT. Here, P is the similarity transformation. matrix and PT is its transpose.
The boundary conditions at x = XC for the basic system are
where T consists of the last row of P*T, P* is the complex conjugate of P and P*T is its transpose.
Appendix B
The coefficients of the differential equations (17) and (18) o .
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